Abstract Colonies of the stingless bee Tetragonilla collina frequently occur in unusually high densities and in direct neighborhood (nest aggregations), in rainforests of Southeast Asia. To investigate whether close relatedness and/or similar chemical profiles facilitate the cooccurrence of multiple T. collina colonies, we investigated aggressive behavior, genetic relatedness and cuticular hydrocarbon (CHC) profiles within and between colonies and nest aggregations. Although 17 out of 19 colonies within aggregations were largely unrelated, intraspecific aggression between different colonies was basically absent both within and among aggregations. This lack of aggression should favor social parasitism and hence the occurrence of unrelated individuals within a colony. However, low within-colony relatedness was found in only five out of 19 colonies where it may be explained by queen turnover or the occurrence of foreign workers. CHC profiles of colonies within and among aggregations were statistically different. However, many workers could chemically not be assigned to their maternal colony, indicating considerable overlap among colonies in odor profiles of workers. Moreover, odor profiles tended to be more similar within than among aggregations, although most colonies were unrelated. Thus, CHC profiles were a poor indicator of relatedness in T. collina. The lack of correlation between relatedness and chemical similarity in T. collina may be explained by the incorporation of resinderived terpenes in their CHC profiles. The composition of these terpenes was highly similar among colonies, particularly within aggregations, hence potentially decreasing chemical distinctiveness and increasing behavioral tolerance.
Introduction
In social insects, large aggregations of colonies from the same species occasionally occur where aggression among members from different colonies is absent. Such large colonies were most intensively studied in ants (supercolonies: Holway et al., 1998; Tsutsui et al., 2000; Drescher et al., 2007; supercolonies: Steiner et al., 2007; Helanterä, 2009 ). They are characterized by an absence of aggression of workers from different nests within supercolonies (Holway et al., 1998; Tsutsui et al., 2000; Giraud et al., 2002; Drescher et al., 2007) and frequent exchange of workers between nests (Pedersen et al., 2006) . Supercolony formation may result from reduced genetic variation i.e. due to a population bottleneck (Tsutsui et al., 2000) . It may also result from a reduced self-nonself recognition, i.e. due to a uniform composition of chemical compounds on their body surface (hitherto called "chemical profiles") (Giraud et al., 2002; Errard et al., 2005) , or to low benefits in comparison to the costs of aggressive interactions (Steiner et al., 2007) . In general, social insects distinguish between related and unrelated individuals based on interspecific and intercolonial differences in the number and amount of hydrocarbons (HCs) in their chemical profiles (Crozier and Dix, 1979; Getz and Chapman, 1987; Howard, 1993; Howard and Blomquist, 2005) : Related individuals are chemically similar and hence tolerated, whereas unrelated individuals are chemically different and therefore aggressively attacked (Lacy and Sherman, 1983; .
Whereas the relationship between aggression, chemical profiles and relatedness has been frequently investigated in ants, nest aggregations of bee colonies have received comparatively little attention, although nest aggregations are common in solitary, semi-social and social bees (Wcislo, 1993; Kukuk et al., 2005; Thiele and Inouye, 2007; Gonzalez and Ospina, 2008; Haeseler, 2008; Timmermann and Kuhlmann, 2008) . These nest aggregations frequently comprise unrelated individuals or colonies (Ward and Kukuk, 1998; Cameron et al., 2004) .
There are multiple hypotheses on the causes of such nest aggregations (reviewed by Ward and Kukuk, 1998) . One possibility may be a lack of suitable nest sites (Michener, 1974; Eltz et al., 2001) or that bees assess nest site quality by the presence of other colonies (Eltz et al., 2001) . Aggregated nesting may also decrease the risk of individual nests to be subject to predators due to a 'selfish herd' effect, as has been shown in birds (Clark and Robertson, 1979) and in stenogastrine wasps (Landi et al., 2002) . Alternatively, in bees, aggregated nests of unrelated colonies could facilitate mating between females and unrelated males, thereby significantly decreasing the risk of inbreeding (Cameron et al., 2004; Kukuk et al., 2005) which may be particularly costly in hymenoptera due to their sex determination mechanism (Cook and Crozier, 1995; Zayed and Packer, 2005) .
In some tropical stingless bee species (Apidae, Meliponini), nests of several colonies can be heavily aggregated with up to eight colonies at the base of a single tree (Eltz et al., 2001; Cameron et al., 2004; Leonhardt et al., 2010b) . In Southeast Asia, aggregated nests of unrelated colonies are most prominent in the stingless bee Tetragonilla collina (Roubik, 1996; Eltz et al., 2001; Cameron et al., 2004; Leonhardt et al., 2010b) . Moreover, this species shows very low levels of aggression towards both conspecific and heterospecific individuals Leonhardt et al., 2010b) , although aggressive encounters between stingless bees can be commonly observed at floral resources and baits (Hubbell and Johnson, 1977; Nagamitsu and Inoue, 1997; .
To better understand the mechanisms behind aggregated nesting in T. collina, we investigated whether behavioral responses of T. collina individuals can be predicted by variation in relatedness and/or chemical profiles. We tested for differences in behavioral responses in T. collina bees from (1) the same colony, (2) different colonies of the same aggregation and (3) distant aggregations. To examine whether behavioral responses correlated with genetic relatedness and/or chemical profiles, we analyzed and compared differences in both genetic relatedness and the composition of cuticular compounds (1) within colonies, (2) within aggregations and (3) between aggregations.
Methods

Study Sites, Aggregations and Bees
Sampling of specimens for genetical and chemical analyses as well as behavioral experiments were performed at two different field sites in Borneo (Malaysia), in AugustNovember of 2007 and 2008. (1) The Danum Valley Conservation Area (DVC: Sabah, 4°55′ N 117°40′ E, 100 m asl) comprises one of the major remaining patches of Sabah's primary lowland dipterocarp rainforest (43 800 ha) (Marsh and Greer, 1992) . (2) The Kabili Sepilok Reserve (KSR: Sabah, 5°54′ N, 118°04′ E, 20-120 m asl) covers an area of 4294 ha of coastal dipterocarp and mangrove forest (Fox, 1973) surrounded by oil palm plantations. Attached to KSR is the Rainforest discovery centre (RDC), a small (148.6 ha) education centre with secondary and planted vegetation. Both field sites have a typical equatorial rainforest climate with a mean annual temperature of 26-30°C and a yearly rainfall of 2600-3000 mm (Fox, 1973; Sakai et al., 1997) . Fifteen stingless bee species (species and genus names as in Moure, 1961) were recorded for DVC (Eltz, 2004) , whereas 15 to 20 species can be found in KSR and RDC according to collections of specimens held by the Forestry Research Centre in Sepilok and our own studies .
Overall, we sampled 19 colonies from four nest aggregations (between 2 and 7 nests per aggregation) and two single, non-aggregated colonies (stcrf1 and sltc8) of Tetragonilla collina for genetical analyses. Note that stcrf1 nested in aggregation with another, morphologically similar species that was excluded from analyses due to strong differences in its chemistry and alleles for the genotyped loci, suggesting that it may represent a different species (Fig S1 and S2) .
All colonies' nests were situated in or beneath tree trunks (14 nests) or in cavities in walls (seven nests). Aggregations were characterized by a high nest density with all nests having at least one neighboring nest less than 50 cm away and a maximum distance of ≤3 m from the most distant nest. Eight of these colonies (representing three different aggregations and one single colony) were tested for differences in behavioral responses towards colonies from the same or a distant aggregation (Table 1) . Detailed chemical analyses were performed for overall twelve colonies from all four aggregations and one single colony (Table 1) .
Bee Sampling and Behavioral Testing
Individual bees were caught at their nest entrances by putting a clean transparent plastic bag or container above the nest entrance tube. Behavioral experiments followed the protocols successfully applied to Bornean stingless bee species in and Dworschak and Blüthgen (2010) : A focal bee was directly transferred from the plastic bag or container to a clean arena (a plastic Petri dish inversely placed on a gauze that was tightened to a large plastic box) and left undisturbed for habituation. After 1 min, a dead bee (that was killed by freezing prior to the experiment) was inserted into the arena. We observed the behavioral responses of the focal living bee towards the dead bee ('alive against dead experiment') for a period of 
Within-colony relatedness [± SE] (r), chemical variation (equivalent to mean Bray-Curtis distances [± SD]) for all compounds (C), only resinderived compounds (Cr) and only non-resin derived compounds (Cg) as well as the number of individuals used for the microsatellite analysis (N1), tested in behavioral experiments (N2: numbers in brackets give the number of bees tested in control/intra-aggregation/inter-aggregation trials) and used for chemical analyses (N3) are given 3 min, assigning all behavioral responses observed towards the dead bee to one of the following three response levels: '1' neutral response (investigation of dead bee with antennae, mandibles closed), '2' slight aggression (open mandibles), and '3' high aggression (biting in extremities, biting off body parts, dragging dead bee around arena). We calculated the aggression level (A i ) for each focal bee individual i as described in Leonhardt et al. (2010b) :
where L1, L2, and L3 are the number of behavioral responses of each aggression level. We tested for differences in aggression as well as the overall number of responses between control trials, intercolonial trials with associated colonies and inter-colonial trials with non-associated colonies using Kruskal Wallis tests.
Both focal and dead bees were tested only once. Ten replicates were performed per inter-colonial trial and ten per intra-colonial trial (control trials). Overall, 180 bees (eight colonies) were tested (four bees that died during the test trial were excluded from the analysis, Table 1 ).
Microsatellite Analysis
Individual bees were collected from nest entrances of each of 21 colonies, killed in a freezer and directly transferred into 99% ethanol. In total 273 bees were analyzed. Between 4 and 19 individuals were analyzed per colony (mean ± SD 12.9±3.33 bees per colony). Genomic DNA was extracted from abdomen tissue of individual workers using Puregene ® DNA Purification Kit (Gentra Systems) according to the manufacturer's recommendations. DNA pellets were resuspended in 50 μl low TE and stored at −20°C.
Initially five microsatellite loci were used, that were developed for Tetragonula carbonaria (Green et al., 2001): Tc1.20, Tc3.155, Tc3.56, Tc7.13 and Tc4.287 . The locus Tc1.20 gave poor amplification results and was later omitted from the analysis. PCR amplification was performed in an Eppendorf Mastercycler® or Biometra T1 Thermocycler®, in a total reaction volume of 12.5 μl containing approximately 10 ng of template DNA, 1x PCRbuffer, 1.1 mM MgCl 2 , 160 μM dNTPs, 2.5 μM of each primer (forward primer labeled with fluorescent IR-700 or IR-800dye) and 0.5U of Taq DNA polymerase (MolTaq ® , Molzym GmbH). Cycle parameters were as follows: 3 min at 94°C, followed by 30 cycles of 94°C for 30 sec, annealing step 30 sec, 72°C for 30 sec, and a final extension of 8 min at 72°C. Annealing temperatures were as follows: Tc3.155: 67°C; Tc3.56: 64.5°C; Tc4.287: 52°C; and Tc7.13: 58°C. PCR-products were diluted between 1:5 and 1:30 and analyzed on a LICOR® 4300 DNA Analyzer.
To test for deviation from Hardy-Weinberg-Equilibrium (HWE) and genotypic linkage disequilibrium (LD) we generated four datasets with one randomly chosen worker from each colony. HWE and LD were tested using Genepop On The Web (Raymond and Rousset, 1995: http://genepop. curtin.edu.au/). Relatedness within and between colonies and aggregations was calculated using Relatedness 5.0.8 (Queller and Goodnight, 1989) , including all individuals as reference population and colonies weighted equally. Standard errors were obtained by jack-knifing over loci.
The partitioning of genetic variance within the population was determined by a hierarchical AMOVA based on F ST as implemented in ARLEQUIN 3.1 (Excoffier et al., 2006) . We performed a three-level hierarchical AMOVA with the nested levels: whole population variance, withinaggregation variance and within-nest variance.
Chemical Analysis
Between 3 and 11 individuals were sampled from overall 12 colonies and separately extracted in hexane for 2 min, resulting in 75 individual T. collina extracts. We analyzed these extracts using a Hewlett Packard HP 6890 Series Gas Chromatographic System coupled to a Hewlett Packard HP 5973 Mass Selective Detector (Agilent Technologies, Böblingen, Germany). The GC was equipped with a J & W, DB-5 fused silica capillary column (30 m×0.25 mm ID; df=0.25 μm; J & W, Folsom, CA, USA). Temperature was programmed from 60°C to 300°C with a 5°C/min heating rate and was held for 10 min at 300°C. Helium was used as carrier gas (constant flow of 1 ml/min). Injection was carried out at 250°C in the splitless mode for 1 min. Electron impact mass spectra (EI-MS) were recorded at an ionization voltage of 70 eV and a source temperature of 230°C. We used the Windows version of the ChemStation software package (Agilent Technologies, Böblingen, Germany) for data acquisition. Compounds were characterized as described in , by comparing their mass spectra and retention indices with mass spectra and retention indices from three commercially available libraries (Wiley 275, NIST 98 and Adams EO library 2205), and by comparing them to synthetic standards (Sigma-Aldrich, Munich, Germany) if standards were available.
To test for differences in the cuticular chemical profiles between individual T. collina bees from (1) different colonies, (2) different aggregations, and (3) different regions, we performed permutation tests (adonis, Rpackage vegan 1.15, 10000 runs) based on relative peak areas. Relative peak areas were calculated by dividing each peak's integrated area by the total integrated peak area. To account for potential differences between non-resin-derived CHCs and resin-derived compounds, we performed separate Adonis tests confined to these two groups of compounds. Graphs for visual presentation were produced by two-dimensional NMDS (non-metric dimensional scaling). Bray-Curtis dissimilarities based on the proportions of all compounds that accounted for more than 0.5% of the total peak area in at least one sample (start configuration: PCoA, 1000 iterations) were used for NMDS and Adonis tests. Overall, 82 compounds were used for the analysis, 47 of which were most likely derived from plant resins (environmentally derived). A detailed list of compounds is given in Table S2 .
To test whether related individuals had more similar chemical profiles than unrelated individuals, we performed a Mantel test based on Pearson's product moment correlation using relatedness and chemical distances among colonies.
Results
Behavioral Tests
Only 21 out of 176 T. collina bees tested showed little aggression (open mandibles) towards dead bees from either their own colony (13% of bees tested in control trials were slightly aggressive), their own aggregation (15%) or a distant aggregation (5%). The large majority of bees tested responded non-aggressively towards dead bees no matter whether they were taken from their own or a foreign colony. Hence the number of aggressive responses towards dead bees did not differ for bees of the same colony (control trials: mean aggression [± SD] A i =0.10±0.28), bees of different colonies but the same aggregation (mean A i =0.12± 0.30), or bees of distant aggregations (mean A i =0.04±0.18; Kruskal Wallis test: H=2.07, p=0.35). They also showed no differences in the overall number of responses (aggressive and non-aggressive ones) towards dead bees (Kruskal Wallis test: H=1.95, p=0.38).
Relatedness Within and Between T. collina Colonies
The 271 bees analyzed were all successfully genotyped for at least three of the four loci with good amplification results. Locus Tc7.13 showed the highest number of failed amplifications with only 194 individuals being successfully genotyped. For the other three loci, at least 235 individuals were successfully genotyped. Failed amplifications were not concentrated on particular colonies but scattered among colonies. Number of alleles per locus ranged from 3 (Tc7.13) to 5 (loci Tc3.155 and Tc3.56) (for details see Table 2 ). The four loci showed no significant linkage disequilibrium.
Out of the 16 tests performed (4 loci x 4 datasets containing a single individual per colony), 3 showed significant deviation from HWE (heterozygote deficiency). In two out of the four datasets, the locus Tc4.287 deviated significantly from HWE and Tc7.13 in one (Fisher's exact test; p<0.05).
(a) Relatedness within colonies:
Within-colony regression relatedness of the 21 colonies sampled ranged from 0.133 to 0.888 (mean ± SD: 0.61±0.24) and was on average significantly lower than 0.75, the expected relatedness among full sisters in monogynous colonies (one-sample t-test against 0.75, p=0.015, T=−2.65, df=20). Five of the 21 colonies showed within-colony relatedness values lower than 0.353 (Table 1) , thus deviating from the expected within-colony relatedness of 0.75 where all workers are full sisters and derived of a single monandrous queen.
(b) Relatedness within aggregations:
Aggregations comprised both related and unrelated colonies (Table S1 ). Within-aggregation relatedness was highest in aggregation D1 in DVC with the two colonies being closely related (r=0.71±0.11), whereas all aggregations in KSR and RDC (S1 to S3) showed variable within aggregation relatedness (average relatedness of colonies in S1: r=0.16±0.42 comprising 3 nests; S2: r=0.07±0.06 comprising 7 nests; S3: r=0.14±0.07 comprising 7 nests).
(c) AMOVA results: partitioning of genetic variance:
The AMOVA revealed that a significant proportion of the genetic variance was explained by within-nest variation (67.7%; p<0.0001) as well as by variation among nests within aggregations (32.6%; p<0.0001). In contrast, variance between aggregations (within-population variance) did not contribute significantly to the total genetic variance (−0.2%; p=0.48 n.s.).
Chemical Profiles
The twelve T. collina colonies analyzed generally varied in their chemical profiles (Fig. 1 , Adonis: R 2 =0.50, p<0.001) with chemical differences being more pronounced between (mean Bray-Curtis distance [± SD]: 0.45±0.16, number of distance pairs N=5414) than within (0.31±0.15, N=1726) colonies. The three aggregations also had different chemical profiles (Fig. 1, R 2 =0.36, p<0.001). However, when colonies were directly compared to one another, only 26 Chemical similarity among T. collina colonies did not correlate with degrees of relatedness, neither for all compounds (Mantel test: r=−0.13, p=0.84), nor for resinderived (r=−0.17, p=0.88) or non-resin derived compounds (r=−0.10, p=0.72).
Discussion
Colonies of the stingless bee Tetragonilla collina frequently nest in aggregation with up to seven other conspecific colonies in our study area, but did not show any aggressive behavior among each other. Likewise, aggression was absent between colonies of different aggregations. This atypically peaceful behavior contrasts with other studies on stingless bees that found relatively strong aggression between con-or heterospecific non-nestmate individuals (Johnson and Hubbell, 1974; Johnson, 1977, 1978; Howard, 1985; Inoue et al., 1999; Kirchner and Friebe, 1999; Nunes et al., 2008; .
In contrast to honeybees where new colonies are established by old queens while young queens remain in their mother nests, new stingless bee colonies are founded by young queens (Inoue et al., 1984; Roubik, 1989) . These young queens frequently build their nests in close proximity to their mother colony and the two nests exchange workers and resources until the new colony finally becomes independent (Inoue et al., 1984) . Tetragonilla collina nest aggregations can therefore contain a mother and several daughter colonies which may explain why five colony pairs within the aggregations investigated in our study were more closely related (> 0.40) than colonies of distant aggregations and why chemical profiles were more similar within than among aggregations. However, 39 out of 52 aggregated colony pairs were only little related (< 0.25). Likewise, Cameron and colleagues (Cameron et al., 2004) found no or only little relatedness among aggregated T. collina colonies in Thailand, indicating that aggregations may include both related and unrelated colonies. Hence, relatedness among colonies may account for the lack of aggression in some behavioral assays, such as in the pairing of colony stcf1 and stcf3 (with relatedness being 0.23±0.29), but not in assays conducted with bees from unrelated colonies (see Table S1 ).
Whether the T. collina population sampled in this study generally shows only little genetic variability in the markers used or whether this low level of variability is due to high population viscosity can currently not be fully resolved. Nonetheless, different degrees of relatedness did not translate into different degrees of aggressiveness in this species of stingless bee. Within colony relatedness did further not correlate with chemical similarity, neither for environmentally derived nor for genetically determined compounds: Two out of five colonies with low withincolony relatedness showed very little chemical variation (colonies stcw7 and sltc2), but one colony (stcw2) with high within-colony relatedness had a strongly diverging chemical profile (Table 1) . Chemical variation among individuals of the same colony was comparatively large in five of our 12 colonies (Fig. 1) . However, overall, all colonies, and particularly those within aggregations, had qualitatively and quantitatively similar chemical profiles, and 40 out of 66 colony pairs could chemically not be distinguished.
Lack of statistical discrimination between chemical profiles does however not imply a lack of recognition. It is unknown whether stingless bees use the entire bouquet of
stcw7 ( Circled colonies mark two colonies from an aggregation in DVC (black and white upright ellipses) and four colonies from an aggregation found close to the coast in KSR (black and white ellipses, black and white triangles upside down). The remaining colonies stem from one aggregation in the interior forest of KSR (black diamond, black triangle and white circle), and one aggregation (white diamond and black square) as well as one single colony (black circle) at the RDC chemical compounds on their body surface to recognize colony members or whether they rely on a subset of compounds, as suggested for other social insects. For instance, ants also have a variety of hydrocarbons on their body surfaces, including saturated-and unsaturated ones linear ones as well as methyl-branched ones (reviewed by ). However, in two Formica ant species, unsaturated (n-alkenes) or branched hydrocarbons were found to be more important for the recognition of colony members (nestmates) than linear n-alkanes (Akino et al., 2004; Martin et al., 2008) . Likewise, in the honeybee Apis mellifera, n-alkenes and fatty acids seemed to be most important for nestmate recognition (Châline et al., 2005; Dani et al., 2005) . The neotropical stingless bee Trigona fulviventris also used fatty acids to differentiate between nestmates and non-nestmates, but n-alkanes and floral oils further affected their recognition ability (Buchwald and Breed, 2005) . To our knowledge, there are no other studies that have investigated nestmate recognition cues in stingless bees (let alone in any paleotropical stingless bee species). It is thus possible, yet remains to be shown, that stingless bees can obtain sufficient information about another bee's colony identity from only a subset of surface compounds or from compounds not detected by the GC-MS (e.g. proteinaceous compounds), which is likely to be overlooked by our chemometrical analysis. More studies on compounds or compound groups used as recognition cues by stingless bees are therefore needed. Besides cuticular hydrocarbons (CHCs), the chemical profile of T. collina comprises large amounts of terpenoid compounds (Leonhardt et al., , 2010a . By comparing the bees' profiles with compounds of plant resins, we found that these terpenoids were derived from resins (Leonhardt et al., 2011) which the bees collect for nest construction, maintenance and defense . The composition of resin-derived terpenoids is highly species-specific, rendering mere contamination of the bees' surfaces by resin unlikely . Moreover, we found that resin-derived terpenoids show a species-specific distribution even on the bees' wings ) -the insect body part considered least prone to contamination (McDaniel et al., 1984) . The terpenes may (at least) partly account for the lack of correlation between genetic relatedness and chemical similarity. They may further increase the chemical overlap between different T. collina colonies, because chemical distinction was less pronounced (R 2 =0.44) and chemical variation was larger (mean Bray-Curtis distance [± SD]: 0.35±0.08) for terpenes than for non-resin-derived CHCs (R 2 =0.54, mean Bray-Curtis distance: 0.27±0.07). Moreover, the addition of environmentally derived compounds increases the diversity of chemical compounds in the bees' surface profiles and thus potentially also cue diversity. It was suggested that increased cue diversity can cause cue overlap amongst colonies and thus a decrease in the accuracy or even a total lack of nestmate recognition (Peeters, 1988; Satoh and Hirota, 2005; . Whether terpenes do actually play a role in the nestmate recognition system of stingless bees is as yet unknown. Sesquiterpenes -a group of terpenes that makes up for the majority of terpenes on the body surface of T. collina -were found to reduce aggression in another stingless bee species that lacks sesquiterpenes itself (Leonhardt et al., 2010b) . Consequently, environmentally derived terpenes in the chemical profiles of stingless bees may or may not be directly involved in nestmate recognition. If not directly involved, some terpenes may still impair the bees' ability to distinguish between related and unrelated individuals and thus (at least partly, albeit not exclusively) explain the lack of aggression in T. collina.
One would expect that a lack of aggression in an insect colony as well as aggregated nesting of multiple colonies should favor social parasitism by either foreign queens or foreign workers ("floaters" or "drifters": Lopez- Vaamonde et al., 2004; Sumner et al., 2007) . Unless they are hindered by resident bees, foreign queens may take over nests and produce own offspring, while foreign workers may produce males (brood parasitism', reviewed by Beekman and Oldroyd, 2008) or simply steal food reserves (cleptoparasitism: Cardinal et al., 2010) which frequently occurs in stingless bees (Roubik, 1989 (Roubik, , 2006 . Social parasitism by egg-laying workers entering unrelated colonies has been found in the stingless bee Melipona scutellaris (Alves et al., 2009) . Alternatively, queen supersedure within colonies may explain the reduced within-colony relatedness that we observed in some colonies. Queen supersedure was also found quite frequently in stingless bees (Paxton et al., 2003; Alves et al., 2009 ). However, only five out of our 19 colonies had within-colony relatedness values below 0.4 (indicating the presence of unrelated individuals), whereas eight colonies even had relatedness values above 0.7, matching predictions for full sisters in colonies with a single-mated queen. Hence, foreign individuals may occur in T. collina colonies but do not appear to be common.
We cannot exclude that aggression towards foreign individuals occurred in the inner nest parts of T. collina colonies, as we observed bees only outside their nests and in a relatively artificial arena environment. However, our aggression assays were successfully applied to several Bornean stingless bee species (testing encounters between both two alive bees and one alive and one dead bee) and revealed strong aggression for inter-colonial as well as inter-specific encounters (Dworschak and Blüthgen, 2010; Leonhardt et al., 2010b) . Notably, T. collina did not show any aggression towards other stingless bee species neither when tested in behavioral assays (Leonhardt et al., 2010b) nor when observed in the field . T. collina can thus clearly be considered less aggressive than other Bornean stingless bee species. The causes for its unusual 'peacefulness' remain unclear.
Reduced aggression or even a lack of aggression does however not necessarily correlate with reduced or lack of recognition (Chapuisat et al., 2005; Steiner et al., 2007; . It can also stem from high costs of erroneously rejecting related individuals, i.e. in situations of reduced between-colony competition (Reeve, 1989; Downs and Ratnieks, 2000) , low costs of accepting foreign workers or to save resources better used for colony growth and reproduction (Holway et al., 1998) , because aggression is costly (Reeve, 1989) . Thus, T. collina may still be able to distinguish between individuals of its own and a foreign colony, as has, for instance, be shown in Formica paralugubris: these ants successfully discriminated between nestmates and non-nestmates (as indicated by significantly higher rates of trophallaxis exchanged with nestmates than with non-nestmates), but showed little to no aggression towards unrelated individuals (Chapuisat et al., 2005) . Lasius austriacus ants were equally non-aggressive towards unrelated individuals, but performed significantly longer antennation bouts with unrelated than with related ants (Steiner et al., 2007) . In contrast to these authors, we did however not find a difference in the overall number of behavioral responses (including aggressive and nonaggressive ones).
Conclusions
Relatedness did not generally explain the lack of aggression between Tetragonilla collina nests within aggregations, as colonies found in aggregation could be either closely or distantly related. Moreover, the composition of compounds on the cuticle of T. collina bees was no more similar for related than for unrelated individuals, nor did low within-colony relatedness correlate with a larger chemical variation. The observed chemical divergence was mainly due to environmentally derived resincompounds which are found in the chemical profile of T. collina in addition to genetical determined cuticular hydrocarbons. The presence of these compounds may partly explain the lack of aggression in T. collina, as it may result in decreased recognition acuity due to either higher cue diversity or to impairing of recognition.
It remains unclear why most of the aggregated T. collina colonies studied showed relatively high within-colony relatedness (partly even matching predictions for colonies with a single-mated queen), although both lack of aggression and aggregated nesting should favor social parasitism by unrelated workers or queens.
